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Abstract A fixed-point observation station was set up in the northern Chukchi Sea during autumn 2013,
and for about 2 weeks conductivity-temperature-depth (CTD)/water samplings (6 h) and microstructure tur-
bulence measurements (2 to 3 times a day) were performed. This enabled us to estimate vertical nutrient
fluxes and the impact of different types of turbulent mixing on biological activity. There have been no such
fixed-point observations in this region, where incoming low-salinity water from the Pacific Ocean, river
water, and sea-ice meltwater promote a strong pycnocline (halocline) that stabilizes the water column. Pre-
vious studies have suggested that because of the strong pycnocline, wind-induced ocean mixing could not
change the stratification to impact biological activity. However, the present study indicates that a combined
effect of an uplifted pycnocline accompanied by wind-induced inertial motion and turbulent mixing caused
by intense gale-force winds (>10 m s21) did result in increases in upward nutrient fluxes, primary productiv-
ity, and phytoplankton biomass, particularly large phytoplankton such as diatoms. Convective mixing asso-
ciated with internal waves around the pycnocline also increased the upward nutrient fluxes and might have
an impact on biological activity there. For diatom production at the fixed-point observation station, it was
essential that silicate was supplied from a subsurface silicate maximum, a new feature that we identified
during autumn in the northern Chukchi Sea. Water mass distributions obtained from wide-area observations
suggest that the subsurface silicate maximum water was possibly derived from the ventilated halocline in
the Canada Basin.
1. Introduction
In recent decades, the Arctic has rapidly lost its summer sea-ice cover [Stroeve et al., 2007; Comiso et al.,
2008; Kwok et al., 2009], which may significantly amplify upper ocean responses to atmospheric forcing that
are associated with sea-ice formation/melting, ocean stratification and mixing, seawater nutrient distribu-
tions, and marine biological activity [Rainville et al., 2011]. Furthermore, there has been a general increase in
the frequency and intensity of cyclones in the Arctic and a northward shift in storm tracks during summer
and in other seasons [e.g., Orlanski, 1998; Serreze et al., 2000; McCabe et al., 2001; Zhang et al., 2004; Sepp
and Jaagus, 2011]. Local storms in ice-free regions of the Arctic Ocean may generate profound inertial
motion in the upper water and enhance interior mixing, causing turbulent energy levels to increase to levels
comparable to those in lower latitude seas [Rainville and Woodgate, 2009]. In such seas, field studies of the
passage of typhoons have suggested that ecosystem responses start with episodic nutrient loading, fol-
lowed by sizable diatom blooms, intense grazing pressure, and a significant carbon flux [Chang et al., 1996;
Hung and Gong, 2011; Chung et al., 2012; Tsuchiya et al., 2013].
However, in the Pacific sector of the Arctic Ocean (Pacific Arctic), inflows of low-salinity water from the
Pacific Ocean and rivers promote a strong pycnocline (halocline) that stabilizes the water column, and the
sea-ice melt enhances stratification during summer [Yamamoto-Kawai et al., 2005; Carmack and Wassmann,
2006]. Thus, in the Pacific Arctic, vertical mixing accompanying upward nutrient supply during the passage
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of a storm has been considered insignificant in primary productivity [Carmack and Wassmann, 2006]. A field
study conducted at a fixed overwintering site in the southeast Beaufort Sea suggested that wind-driven
mixing could not increase nutrient concentrations in the surface layer in autumn because of the presence
of a strong pycnocline, despite the episodic passage of storms over the area [Tremblay et al., 2008]. Further-
more, winter convection or brine rejection could not replenish the surface nutrients in the region. Con-
versely, Zhang et al. [2014] used a coupled biophysical model to indicate that a great Arctic summer
cyclone enhanced primary productivity on the Pacific Arctic shelves, where nutrient availability was
increased by intensified mixing. However, compared to the clear responses to typhoon events in lower lati-
tude seas, to date, there is no observational evidence of an increase in nutrient availability and an ensuing
increase in primary productivity during storm events in the Pacific Arctic.
The most straightforward way to understand ocean and biological responses to atmospheric events such as
strong winds is an Eulerian approach, i.e., a fixed-point observation (FPO), as conducted by Tremblay et al.
[2008]. Although their approach provided various new findings, including the results mentioned above
regarding the association of vertical stability and nutrient dynamics with atmospheric forcing, the frequency
of nutrient observations was very limited (every third to sixth day), making it difficult to detect daily and
diurnal variability. As a result, the temporal variation in nutrient distributions related to physical processes
such as inertial motion and internal waves generated by winds, and their associated vertical mixing, has not
been fully investigated. A survey with high temporal resolution (i.e., resolving inertial motion and internal
waves) is required to capture various mixing processes and their effects on stratification, nutrient distribu-
tion, and biological activity. Furthermore, the actual fluxes of nutrients are seldom quantified and compared
to concurrent biological processes. Thus, multidisciplinary observations are indispensable (i.e., surface mete-
orological conditions; physical and chemical water properties; turbulent mixing of heat, salt, and nutrients;
and indices of biological activities such as chlorophyll a and primary productivity). To date, no such study
has been conducted at an FPO station in the Pacific Arctic.
We established an FPO station in the northern Chukchi Sea (72.75N, 168.25W; see Figure 1), where the
water column consisted of two layers separated by a pycnocline: a warmer/fresher/nutrient-poor upper
layer and a colder/saltier/nutrient-rich lower layer [Coachman et al., 1975; Walsh et al., 1989; Weingartner
et al., 2005]. In general, stratification is weaker in the Chukchi Sea than on other Pacific Arctic shelves
because the surface salinity is higher due to less influence of river waters [Aagaard and Carmack, 1989];
therefore, the ocean may be sensitive to wind forcing and wind-driven mixing may occur more easily. The
FPO station is far from the main pathways of Pacific-origin water [Weingartner et al., 2005]; hence, we can
assume a minimal influence from horizontal intrusions of different water masses. The station is also located
away from a plume of high nutrient concentrations via the Bering Strait [Springer and McRoy, 1993], but pri-
mary productivity around the station in the northern Chukchi Sea is comparable to, or more likely higher
than, that in the central Chukchi Sea [Hill and Cota, 2005]. From the perspective of biological activity, the
northern Chukchi Sea is a key area, but the mechanisms that maintain the high productivity there are not
well understood.
We remained at the FPO station in the northern Chukchi Sea for about 2 weeks during autumn 2013, per-
formed a hydrographic survey with high temporal resolution (conductivity-temperature-depth (CTD)/water
sampling every 6 h), and took microstructure turbulence measurements that enabled us to estimate the ver-
tical nutrient fluxes and the impact of different types of turbulent mixing on biological activity. In addition
to the FPO, we conducted wide-area observations from the Chukchi Sea to the Canada Basin to determine
water mass distributions and their effects on the water column at the FPO station. Using the FPO station
data, we investigated ocean and biological responses to atmospheric events such as strong winds during
autumn in the northern Chukchi Sea. Furthermore, we analyzed the mechanism by which biological activity,
such as diatom production, was maintained at the FPO station in terms of the shelf-basin interaction of
water masses, deduced from the wide-area observations.
2. Data and Methods
2.1. R/V Mirai Arctic Cruise 2013
We conducted meteorological and hydrographic surveys from late summer to autumn 2013 (28 August to 7
October) over the Chukchi Sea and the Canada Basin (Figure 1), onboard the R/V Mirai of the Japan Agency
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for Marine-Earth Science
and Technology (JAM-
STEC). During the surveys,
we established an FPO sta-
tion in the northern Chuk-
chi Sea and remained
there for about 2 weeks
(10–26 September). At the
FPO station, continuous
surface meteorological
observations, ocean micro-
structure measurements (2
times a day on 14–17 Sep-
tember and 3 times a day
after that; some casts were
canceled because of rough
weather), and CTD/water
sampling (every 6 h) were
undertaken. CTD and
expendable CTD (XCTD)
surveys crossing the FPO
station were also con-
ducted once a day within a
16 km radius from the sta-
tion (see the embedded
map in Figure 1a). To
understand flow fields
around the FPO station, we
launched two drifting
buoys near the station on
17 September. The two
buoys had drogues
installed at 15 and 40 m,
respectively, reflecting hor-
izontal currents at the two
depths. Detailed descrip-
tions of data acquisition
during the cruise are pre-
sented in the cruise report
[Nishino, 2013], and the
data will be released via the JAMSTEC Data Site for Research Cruises (http://www.godac.jamstec.go.jp/crui-
sedata/mirai/e/index.html). The following is an outline of how each observation was performed.
2.2. Surface Wind Observations
Surface meteorological parameters were observed throughout the cruise. We focused on wind speed and
direction in this study (Figure 2a). These parameters were measured using an anemometer (KE-500, Koshin
Denki, Japan) that was installed on the foremast of the ship at a height of 24 m above the sea surface. The
data were averaged over 10 min periods.
2.3. Drifting Buoy
The drifting buoy (Zeni Lite Buoy Co., Ltd., Japan) consisted of a surface floating unit that included a
GPS sensor and iridium communication system, and a holey-sock drogue installed at middepth, linked
together with a fabric nylon rope. The rope length was determined so that it could capture the horizon-
tal current at the chosen level. The GPS system sent hourly geographical information with almost 15 m
Figure 1. (a) Map showing the bathymetric features of the study area and locations of the hydro-
graphic stations of the R/V Mirai cruise in 2013 (dots). The white dot at 72.75N, 168.25W repre-
sents a fixed-point observation (FPO) station during the period 10–26 September 2013. Along
lines connecting the positions a, b, c, d, and e on the map, we plotted vertical sections from the
Chukchi shelf to the Canada Basin in Figure 10. The embedded map on the upper left is an
enlarged view of around the FPO station indicated by the red square. The white dot at the center
of the embedded map is the FPO station, which was encompassed by CTD (blue dots) and XCTD
(crosses) stations. (b) Sea-ice concentrations (%) derived from the AMSR2 on 20 September 2013.
Contours indicate the sea level pressure (hPa) of ERA-Interm on 0000 UTC 20 September. The red
line shows the cruise track of the R/V Mirai in 2013. The white dot represents the FPO station. The
study area in Figure 1a corresponds to the region indicated by the red square.
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accuracy. The current mea-
surement using the holey-
sock drogue was considered
accurate within 10% of the
horizontal current magnitude
[Niiler et al., 1995; Matsuno
et al., 2006].
2.4. Ocean Microstructure
Measurements
To measure ocean turbulent
mixing and estimate the ver-
tical fluxes of heat, salt, and
nutrients, microscale (0.001–
1 m) vertical shear data were
collected using a Turbulent
Ocean Microstructure Acquisi-
tion profiler (TurboMAP, JFE
Advantech Co., Ltd., Japan),
which was lowered from the
surface to just above the bot-
tom [Wolk et al., 2002].
Within the top 7 m, the
microscale data were not
used in the analysis because
they may have been affected
by the initial adjustment to a
free-falling state. The dissipa-
tion rate of turbulence kinetic
energy, e, was calculated
from the small-scale current shear by integrating the energy spectrum in the wave number field. To
estimate the vertical fluxes of heat, salt, and nutrients, the vertical eddy diffusivity, Kq5Ue/N
2, was
calculated from e and the Brunt-Vais€al€a frequency, N, where U5 0.2 is an efficiency factor. For the
determination of N, temperature and salinity detected by TurboMAP-based CTD sensors were used
after taking running-averages with a 5 m smoothing filter. The estimations of e and Kq were described
in detail by Kawaguchi et al. [2014].
2.5. CTD/Water Samplings
A CTD system (SBE9plus, Sea-Bird Electronics Inc., Bellevue, WA, USA) and a carousel water sampling system
with 36 Niskin bottles (12 L) were used to make observations. Seawater samples were collected for meas-
urements of salinity, dissolved oxygen, total alkalinity, nutrients (nitrate, nitrite, phosphate, silicate, and
ammonia), total and size-fractionated chlorophyll a, primary productivity, and other chemical and biological
parameters. The standard depths of collection were 5, 10, 20, 30, 40, 45, and 50 m at the FPO station (bot-
tom depth5 56 m). At stations deeper than the FPO station, we also collected water samples from 75, 100,
125, 150, 175, 200, 225, 250, 300, 400, 500, 600, 800, 1000, 1500, 2000, and 2500 m, and a depth just above
the seafloor. Surface water samples were also collected with a bucket.
Bottle salinity samples were analyzed following the Global Ocean Ship-based Hydrographic Investigations
Program (GO-SHIP) Repeat Hydrography Manual using a Guildline AUTOSAL salinometer and International
Association for the Physical Sciences of the Oceans standard seawater as a reference material [Kawano,
2010]. The precision of salinity measurements was 0.0068 for shallow-water samples (200 m) and 0.0002
for deep water samples (>200 m).
Dissolved oxygen in the samples was measured by Winkler titration following the World Ocean Circulation
Experiment Hydrographic Program operations and methods [Dickson, 1996]. The precision of dissolved oxy-
gen measurements was 0.74 lmol kg21.
Figure 2. Time series of (a) wind speed (m s21; black) and direction rotating clockwise from
the north (degrees; red), and (b) profiles of the kinetic energy dissipation rate, e (W kg21;
color), at the FPO station. In Figure 2b, e is represented by a logarithmic scale, and the col-
ored bar indicates the order of magnitude of e. Contours of potential density are superim-
posed on the temporal evolution of e. The potential density contours are from 24.75 to
26.25 with an interval of 0.25.
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Total alkalinity in the samples was measured by a spectrophotometric system using the scheme reported by Yao
and Byrne [1998]. The total alkalinity values were calibrated against a certified reference material provided by
Dr. Dickson of the Scripps Institute of Oceanography. The precision of the total alkalinity was 0.8 lmol kg21.
Nutrient samples were analyzed according to the GO-SHIP Repeat Hydrography Manual [Hydes et al., 2010]
using reference materials for nutrients in seawater [Aoyama and Hydes, 2010; Sato et al., 2010]. The preci-
sion, expressed as a coefficient of variation (CV), was 0.11% for nitrate, 0.19% for nitrite, 0.11% for phos-
phate, 0.16% for silicate, and 0.30% for ammonia.
Chlorophyll a in seawater samples was measured using a fluorometric nonacidification method [Welsch-
meyer, 1994] and a Turner Design fluorometer (10-AU-005). For size-fractionated chlorophyll a measure-
ments, phytoplankton cells in the water samples were fractionated using three types of 47 mm diameter
filters (pore sizes: 20, 10, and 2 lm) and a 25 mm diameter Whatman GF/F filter (pore size: 0.7 lm).
Although the frequency of observations of total chlorophyll a at the FPO station was every 6 h (as for the
other parameters described above), size-fractionated chlorophyll a was measured only once a day. The pre-
cision of chlorophyll a in terms of the CV was 7.4%.
The primary productivity of phytoplankton was determined using the stable 13C isotope method [Hama
et al., 1983]. We sampled seawater from seven optical depths: at 100, 38, 14, 7, 4, 1, and 0.6% of the surface
irradiance. The seawater samples were inoculated with a 200 lM labeled carbon substrate (NaH13CO3) that
represented 10% enrichment of the total inorganic carbon in the ambient water. The samples were placed
in an incubator for 24 h. The temperature in the incubator was maintained with running water from the sea
surface. After incubation, the water samples were filtered onto glass fiber filters (Whatman GF/F, 25 mm in
diameter) that had been precombusted at 450C for 4 h. The 13C measurements were performed onboard
the ship using a stable-isotope analyzer (ANCA-SL, Europa Scientific Ltd.; now SerCon Ltd., Crewe, UK). The
frequency of measurements was every other day. The precision of primary productivity in terms of the CV
was 12%. Daily sea surface photosynthetically active radiation (PAR) was monitored with an LI-190SB air
quantum sensor and recorded on an LI-1400 data logger (LI. COR Inc., Lincoln, NE, USA).
For water mass analyses, we used the fractions of sea-ice meltwater (fSIM) and other freshwater (fOF) calcu-
lated from the relationship between total alkalinity and salinity, based on the analysis reported by Yama-
moto-Kawai et al. [2005]. They assumed that other freshwater included river runoff, precipitation, and
freshwater carried by Pacific-origin water. The fraction of sea-ice meltwater, fSIM, increases when seawater is
influenced by sea-ice melt in summer and decreases when seawater is influenced by sea-ice formation in
winter. A negative fSIM implies that sea-ice formation, which removes freshwater and ejects brine into sea-
water, is dominant over sea-ice melting.
2.6. XCTD
Probes of XCTD (Tsurumi-Seiki Co., Ltd., Japan) were launched from the stern of the ship into the sea to
measure vertical profiles of temperature and salinity to a depth of 1000 m, or the sea bottom in cases where
the bottom depth was less than 1000 m. The data were communicated back to a digital data converter and
a computer onboard the ship by a fine wire, which is designed to break when the probe reaches its maxi-
mum depth. The precisions of the temperature and salinity measurements were 0.02C and 0.04,
respectively.
3. Results
3.1. Wind and Ocean Turbulent Mixing
The time series of wind speeds and directions during the FPO in the northern Chukchi Sea is shown in Fig-
ure 2a. There were three strong-wind events: the first lasted for a day around 14 September with northeast-
erly winds stronger than 10 m s21, the second occurred from 19–21 September with northeasterly winds
stronger than 12 m s21, and the third was observed from 24–25 September with southeasterly to south-
westerly winds stronger than 10 m s21. Sea level pressure (SLP) distribution on 20 September 2013, when
the wind was strongest during the FPO period, is shown in Figure 1b.
The strong-wind events have enhanced turbulent mixing in the ocean. Figure 2b shows the time series of
the vertical profile of the turbulent kinetic energy dissipation rate, e. High e values, the order of which were
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102721025 W kg21 and hereafter abbreviated as O (102721025) W kg21, at the surface (7–10 m) were
observed during the periods corresponding to the strong-wind events. In particular, during the second
event (19–21 September), when the highest wind speed during the FPO period occurred, the highest e val-
ues of O(102621025) W kg21 were found down to a depth of 15 m. Furthermore, high e values of O
(102721026) W kg21 were found during 12–16 September at depths near the pycnocline, which divided
the water column into two layers. This magnified turbulent energy may have resulted from wind-induced
internal waves that generated by semidiurnal inertial motion and propagated in a weakly stratified upper
layer [Kawaguchi et al., 2015]. Below 20 m, although e decreased to O (<10210) W kg21 throughout the FPO
period, values near the bottom often became relatively high with O (102921028) W kg21, suggesting the
influence of vertical current shear near the seafloor.
3.2. Buoy Drifts
The motion of the drifting buoys seemed partly correlated with the wind speed and direction. We launched
two buoys near the FPO station on 17 September, when the wind was weak. The buoy with a drogue at a
depth of 15 m above the pycnocline was stagnant at the beginning (Figure 3a). After strong northeasterly
winds on 19 September, the buoy started to move westward and attained its maximum speed (daily aver-
age: 0.18 m s21) on 20 September. Between 22 and 24 September, the buoy migrated rapidly to the north-
east under southeasterly winds. The buoy then traveled toward the west along 73N on 25 September,
although the winds were southwesterly to westerly on this date.
Another buoy with a drogue at 40 m depth below the pycnocline moved even slower than the buoy with
the drogue at 15 m depth (Figure 3b). The deeper-drogue buoy drifted eastward between 17 and 19 Sep-
tember. After 20 September, it moved westward in response to the northeasterly gale-force winds between
19 and 21 September, but slower than the shallower-drogue buoy. Between 22 and 23 September, when
Figure 3. Drift tracks of the buoys with drogues set at (a) 15 m and (b) 40 m. Both the buoys were launched on 17 September near the
FPO station (white dot). Color indicates the day of September. (c) Salinity distribution (color) at 15 m depth on 20 September and the track
of the shallower-drogue buoy on that date (blue curve). Contours of salinity are 31.4, 31.5, and 31.6. (d) Temperature distribution (color) at
40 m depth on 24–25 September and the track of the deeper-drogue buoy on those dates (blue curve). Contours of temperature are 21.3,
21.2, and 21.1. In Figures 3c and 3d, the white dot represents the FPO station and the dots encompassing the FPO station are the CTD/
XCTD stations shown in the embedded map in Figure 1a.
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the wind was weak, the buoy again drifted eastward, and subsequently traveled to the northeast under
southeasterly to southwesterly strong winds on 24–25 September.
Vertical shear of horizontal velocities (namely, baroclinicity) between the upper and lower layers separated by
the pycnocline might cause enhanced mixing around the pycnocline. The gradient Richardson number (Ri5
Npyc
2/(@u/@z)2) became less than 1 due to the strong velocity shear at some point on 19–20 and 25 September
during the strong-wind events, where Npyc (0.015–0.025 s21) is the Brunt-Vais€al€a frequency at the pycnocline
and @u/@z (0.015–0.035 s21) is the velocity shear estimated from the motions of the above mentioned two
buoys. However, the Ri was generally greater than 1, so that the density stratification around the pycnocline
was strong enough to stabilize the entrainment due to the vertical current shear there [Kawaguchi and Nishino,
2014]. This is consistent with the result from the microstructure measurement, in which e was detected as gen-
erally small (i.e., e<O (1029) W kg21) around the depth of the pycnocline (Figure 2b).
Note that for both buoys, a small-scale meandering motion was observed with an oscillation period of
12 h. This oscillation lasted throughout the FPO period and is attributed to inertial motions [Kawaguchi
et al., 2015].
The motion of the drifting buoys illustrates the advection effect in the changes in the water characteristics
at the FPO station. For example, although the motion of the shallower-drogue buoy indicated strong west-
ward currents at 15 m on 20 September, a low salinity gradient in the zonal direction means that the cur-
rents were unable to contribute to change the water characteristics (Figure 3c). On the other hand, the
rapid northeastward motion of the deeper-drogue buoy on 24–25 September, and a tongue-shaped struc-
ture of high temperature from the southwest, suggests a significant advection effect that was able to
change the water characteristics at the FPO station (Figure 3d).
3.3. Hydrographic Profiles and Nutrients
As described in section 3.1, the water column at the FPO station was divided into two layers by the promi-
nent pycnocline. The upper layer was characterized by warmer and fresher water than that of the lower
layer (Figures 4a and 4b). Cooling of the upper layer occurred gradually during the FPO period, mainly due
to atmospheric cooling, which is likely to be a typical seasonal change in Pacific-origin summer water [Itoh
et al., 2013]. The temperature in the lower layer was almost constant and near freezing (21.5C) except
from 23–25 September, when warmer water (21.0C) was present. The near-freezing water was identified
as a remnant of Pacific-origin winter water that was formed by atmospheric cooling and brine rejection in
previous winters [Weingartner et al., 2005]. Negative fSIM values in the lower layer are also evidence of brine
rejection (Figure 4c).
Salinity in the upper layer was lowest on 11–14 September, during the FPO period. It increased significantly
on 14 and 19 September and then remained almost constant. The lowest salinity in the upper layer on 11–
14 September coincided with the highest fSIM value (Figure 4c). Therefore, the increase in salinity on 14 Sep-
tember would have been caused by a lateral discharge of sea-ice meltwater. On 19 September, the lateral
advection effect would have been small because the shallower-drogue buoy was still stagnant at the onset
of strong northeasterly winds (Figure 3a). The buoy then rapidly drifted westward on 20 September in
response to the strong northeasterly winds. Nevertheless, the advection effect would have been small
because the salinity distribution at 15 m depth showed a generally weak zonal salinity gradient (Figure 3c).
Rather, lower salinity water just east of the FPO station would have been carried to the station by the west-
ward currents. Regardless, the salinity at the FPO station increased in the upper layer. Therefore, the upward
salt flux with enhanced vertical mixing because of the strong winds was the only source of increased salinity
at the FPO station immediately after 19 September. The salinity in the lower layer was almost constant dur-
ing the FPO period, except from 23–25 September when it decreased slightly.
On 23–25 September, warmer (and slightly fresher) water was present in the lower layer. At that time, the
deeper-drogue buoy moved toward the northeast (Figure 3b), likely driven by the strong southeasterly to
southwesterly winds. The northeastward currents carrying the buoy appeared to carry warm water from the
southwest to the FPO station (Figure 3d). The intrusion of water with different characteristics at the FPO sta-
tion was also evident in the fOF distribution; water with higher fOF values was present in the lower layer on
23–25 September (Figure 4d). In general, fOF values decrease with depth [Yamamoto-Kawai et al., 2005; Nish-
ino et al., 2008], but here the maximum fOF value was at depths of 20–30 m.
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Total inorganic nitrogen (TIN5 nitrate1 nitrite1 ammonia) and phosphate distributions (Figures 5a and
5b) indicate a two-layer structure throughout the FPO period, with lower concentrations in the upper layer
and higher concentrations in the lower layer, separated by a nutricline that appeared at the level of the pyc-
nocline. On 23–25 September, the TIN and phosphate concentrations in the lower layer decreased, suggest-
ing intrusion of different water from the southwest, with low nutrient concentrations.
Silicate concentrations (Figure 5c) were also lower in the upper layer and higher in the lower layer, but they
frequently showed a subsurface maximum at depths of 20–30 m, which corresponded in time with the fOF
maximum at the same depth (Figure 4d). On 24 and 25 September, the subsurface silicate maximum deep-
ened and merged with the high silicate concentrations of bottom water, but it was still possible to identify
the subsurface silicate maximum with the fOF maximum. The subsurface silicate maximum is an unusual
structure in the Chukchi Sea. In general, silicate concentrations increase with depth because the silicate is
used to form diatom shells in the surface euphotic zone and is produced by dissolution of the shells depos-
ited at the bottom of the Chukchi Sea.
To exaggerate the surface variation of nutrients, time series for TIN, phosphate, and silicate concentrations
averaged over the surface to 10 m layer are shown in Figure 6. TIN was almost depleted throughout the
FPO period (<0.15 lmol kg21). The temporal changes in phosphate concentrations indicated an increasing
trend, with two peaks of maximum concentrations just after the first two strong-wind events: one was
around 15 September and the other was during the period 20–22 September. The third strong-wind event
on 24–25 September did not increase the phosphate concentrations. There are two possible reasons for the
absence of a phosphate peak during the third event. First, the wind speed was lower in the third event than
in the second event, and unlike the first and second events, the strong wind in the third event did not blow
continuously. Second, the intrusion of lower nutrient water related to the strong currents (Figure 3a) might
have reduced the phosphate concentrations. Similarly, two peaks of maximum concentrations were found
in the time series of silicate just after the first two strong-wind events, and no peak was observed during
the third strong-wind event. The higher silicate concentrations at the beginning of the FPO period may be
Figure 4. Time series of profiles of (a) temperature (C), (b) salinity, (c) fraction of sea-ice meltwater, fSIM, and (d) fraction of other freshwater, fOF, at the FPO station. In Figure 4a, the con-
tours of temperature are from 21 to 3, with an interval of 0.5. In Figure 4b, the contours of salinity are 31.25 (dashed), 31.5 (solid), 31.75 (dashed), 32 (solid), 32.25 (dashed), 32.5 (solid),
and 32.75 (dashed). In Figure 4c, the contours of fSIM are from 20.02 to 0.02, with an interval of 0.01. In Figure 4d, contours of the fOF are from 0.085 to 0.095 with an interval of 0.005.
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related to the influence of sea-
ice meltwater that contained
more silicate than other
nutrients, such as the water
observed under the sea ice in
the Canada Basin [Lee et al.,
2010].
The nutrient peaks just after the
first two strong-wind events
were likely caused by increases
in the upward nutrient fluxes
due to enhanced turbulent mix-
ing associated with the strong-
wind events. We calculated the
upward nutrient fluxes by multi-
plying the vertical gradients of
nutrients obtained from the
water samples by Kq derived
from the microstructure current
shear (Figures 7a–7c). In the
phosphate and silicate fluxes
(Figures 7b and 7c), large values
were observed at depths around
10 m just after and during the
strong-wind events, especially
the second event of 19–22 Sep-
tember. This suggests that the
enhanced turbulent mixing
caused by the strong-wind
events increased the vertical
fluxes of phosphate and silicate,
resulting in peaks with high con-
centrations of phosphate and
silicate (Figures 6b and 6c). The
enhanced turbulent mixing due
to strong winds could also
increase the TIN flux at 10 m
(Figure 7a), but nitrogenous
nutrients are a limiting factor for
primary production in the Chuk-
chi Sea [Codispoti et al., 2005;
Tremblay and Gagnon, 2009]
and would be promptly exhausted by biological uptake. As a result, TIN continued to be depleted and did
not have a peak with a high concentration even during the strong-wind event (Figure 6a). Note that high
values of vertical nutrient fluxes were also found just above or in the pycnocline during the period 12–16
September, when internal waves caused significant disturbances through vertical propagation of kinetic
energy [Kawaguchi et al., 2015]. We also found high values of vertical nutrient fluxes near the bottom, where
the turbulent mixing was relatively high (Figure 2b) and the nutrient concentrations increased significantly
with depth (Figure 5).
3.4. Chlorophyll a and Primary Production
Time series of chlorophyll a concentrations in the water column at the FPO station and the ratio of large phy-
toplankton (>20 lm) chlorophyll a to the total chlorophyll a averaged over the surface to 10 m layer are
shown in Figures 8a and 8b, respectively. Until 14 September, there was a subsurface chlorophyll amaximum
Figure 5. Time series of profiles of (a) total inorganic nitrogen (lmol kg21), (b) phosphate
(lmol kg21), and (c) silicate (lmol kg21) at the FPO station. In Figure 5a, the contours of
total inorganic nitrogen are 0.5 (dashed), 1 (dashed), and from 2 to 16 (solid), with an inter-
val of 2. In Figure 5b, the contours of phosphate are from 0.4 to 2, with an interval of 0.2.
In Figure 5c, the contours of silicate are from 2 to 24, with an interval of 2.
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at around 20 m, which is a typical
structure of the chlorophyll a pro-
file in postbloom conditions in
the northern Chukchi Sea [Hill and
Cota, 2005; Ardyna et al., 2013]. At
this time, the chlorophyll a con-
centration in the upper layer was
the lowest during the whole FPO
period (0.3 lg L21). The lowest
chlorophyll a level was likely
related to the fresher water with a
high fSIM that inhibited the
upward nutrient fluxes from the
pycnocline (nutricline). On 14 Sep-
tember, the surface chlorophyll a
concentration increased, with a
decrease in sea-ice meltwater and
became almost homogeneous in
the upper layer. On 16 and 17
September, the chlorophyll a con-
centration slightly increased at
20 m depth. This might be due
partly to an increase in phyto-
plankton activity associated with
the high nutrient fluxes caused by
mixing via the internal waves
around the pycnocline during the
period 12–16 September (Figure
7). After 19 September, the chlo-
rophyll a concentration in the
upper layer significantly increased
with time, through the strong-
wind events accompanying the
enhanced upward nutrient fluxes,
and on 21 September it exceeded
0.8 lg L21, or 2.7 times higher
than the initial concentration (0.3
lg L21).
In the lower layer, anomalously high chlorophyll a concentrations (>1 lg L21), which might be related to
uplifted phytoplankton from the seafloor, were found at around 30 m, with semidiurnal oscillations on 18–
19 and 23–25 September, suggesting lateral intrusions of high chlorophyll a water due to inertial motion of
the water. Similar oscillations might also have occurred in the upper layer, but this was not clear because
the water surrounding the FPO station would have had the same levels of chlorophyll a concentrations,
which synchronously increased during the strong-wind events.
The fraction of large phytoplankton chlorophyll a also increased with the increase in the surface chlorophyll
a concentration (Figure 8b), reflecting the fact that the upward nutrient fluxes enhanced by the strong
winds contributed to improved nutrient conditions in the upper layer. According to the microscopic obser-
vations, the increased amounts of large phytoplankton in the later FPO period were mainly due to Proboscia
eumorpha, which is a chain-forming diatom with an elongated cylindrical frustule.
Time series of primary productivity and of total daily PAR at the sea surface during the FPO period are
shown in Figures 9a and 9b, respectively. In general, primary productivity decreased with depth and the
integrated productivity over the water column (56 m) was lowest (84 mg C m22 d21) on 14 September and
highest (166 mg C m22 d21) on 22 September. Until 14 September, the primary productivity in the water
Figure 6. Time series of averaged concentrations over the surface 10 m for (a) total inor-
ganic nitrogen (lmol kg21), (b) phosphate (lmol kg21), and (c) silicate (lmol kg21) at the
FPO station.
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column decreased with time
(Figure 9a) and the total daily
PAR at the sea surface dis-
played a decreasing trend over
this period (Figure 9b). At this
time, TIN was depleted (Figure
5a) and the upward flux of TIN
was low (Figure 7a). Therefore,
TIN available for primary pro-
duction would have been
regenerated in the upper layer.
TIN regeneration was consist-
ent with the predominance of
small phytoplankton at this
time (Figure 8b). After 14 Sep-
tember, the primary productiv-
ity in the water column
increased with time, reaching a
maximum on 22 September
(Figure 9a), despite the PAR
being lower than at the begin-
ning of the FPO period (Figure
9b). The increase in productiv-
ity was likely a biological
response to the enhanced
upward fluxes of nutrients due
to the strong winds. This effect
doubled the primary produc-
tivity (84 mg C m22 d21 on 14
September to 166 mg C m22
d21 on 22 September). By
compiling chlorophyll a data in
the Arctic Ocean and then
applying an empirical model,
Ardyna et al. [2013] found fall
blooms that were assumed to
have resulted from storms, sur-
face cooling, and sea-ice for-
mation. Based on satellite data,
Ardyna et al. [2014] also sug-
gested more frequent fall
blooms throughout the Arctic
Ocean due to recent sea-ice
loss. The observations reported here reveal that increases in chlorophyll a and primary productivity would
have been associated with the fall bloom, with evidence of small-scale mixing due to strong winds.
4. Discussion
4.1. Mixing Process and Its Impact on Biological Activity
At the beginning of the FPO period (until 14 September), water with a high fSIM occupied the upper layer, pro-
ducing a weak stratification above the pycnocline (Figures 4b and 4c). Due to this weak stratification, the energy
of the internal wave packet was able to propagate in the upper layer, forcing internal mixing above the pycno-
cline [Kawaguchi et al., 2015]. The significant turbulent mixing resulted in an increase in nutrient fluxes around
the pycnocline during the period 12–16 September (Figure 7). Such large nutrient fluxes were 1 order of
Figure 7. Time series of profiles of upward fluxes for (a) total inorganic nitrogen (mmol m22
s21), (b) phosphate (mmol m22 s21), and (c) silicate (mmol m22 s21) at the FPO station. In
each figure, the upward flux is represented by a logarithmic scale, and the colored bar indi-
cates the order of magnitude of the upward flux. Contours of potential density are superim-
posed on the temporal evolution of the upward flux. The potential density contours are
from 24.75 to 26.25, with an interval of 0.25.
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magnitude smaller than the
fluxes associated with direct
ocean mixing by strong winds.
This is likely because the occur-
rence of internal waves was only
episodic and intermittent. How-
ever, the internal wave might
have been a contributing factor
to the increase in chlorophyll a
around the pycnocline at 20 m
depth on 16–17 September (Fig-
ure 8a). Rainville et al. [2011] sug-
gested an increase in internal
wave influence with recent sea-
ice loss and, consequently, its
possible impact on phytoplank-
ton growth. Our results also indi-
cate that the internal wave
mixing could increase the
upward nutrient fluxes and have
a potential to influence the phy-
toplankton growth in a weakly
stratified layer above the pycno-
cline that was covered by low-
salinity water such as sea-ice
meltwater.
During the FPO period, there
were several strong-wind
events (Figure 2a) that enhanced the turbulent mixing (Figure 2b) and increased the upward fluxes of
nutrients (Figure 7), resulting in increased nutrient concentrations in the surface layer (0–10 m; Figure 6).
Here we estimate the nutrient supply to the surface layer from these upward nutrient fluxes, and compare
it to the nutrient consumption during phytoplankton growth. We obtained the largest nutrient fluxes at the
base of the surface layer (10–13 m) between 19 and 20 September, and the average upward fluxes of TIN,
phosphate, and silicate at this location were 4.0 3 1025, 4.0 3 1025, and 7.9 3 1024 mmol m22 s21, respec-
tively (Figure 7). These nutrient fluxes were observed during an uplifted pycnocline (see contours in Figure
7). The pycnocline surface was oscillating vertically at a period 12 h, which was close to the local inertial
period (12.53 h at 72.75N). Therefore, the TIN, phosphate, and silicate supplied to the surface layer by the
combination of strong turbulent mixing and the uplifted pycnocline during 12 h between 19 and 20 Sep-
tember were 1.7, 1.7, and 34 mmol m22, respectively. These nutrient supplies resulted in the most promi-
nent increases in phosphate and silicate concentrations, which occurred on 19–20 September and
maintained high concentrations until 22 September (Figures 6b and 6c), under the strongest wind event
during the FPO period (Figure 2a).
Nutrient consumption during phytoplankton growth was estimated from the primary productivity. The inte-
grated productivity over the surface-to-10 m layer averaged between 20 and 22 September was 70 mg C
m22 d21. This was when the highest productivity was observed during the FPO period due to the influence
of the strongest wind event and nutrient supply, as described above. The assimilation rates of nutrients esti-
mated using the Redfield-Brzezinski nutrient ratio (C:N:P:Si5 106:16:1:15) [Brzezinski, 1985] were 0.88, 0.055,
and 0.83 mmol m22 d21 for TIN, phosphate, and silicate, respectively. The ratio of the carbon to nitrogen
uptake rate observed in the Chukchi Sea was 4.6–5.0 [Lee et al., 2007], slightly lower than the Redfield-
Brzezinski nutrient ratio (C/N5 6.6). The total nutrient consumption during phytoplankton growth in the
period 19–22 September (4 days), when the most prominent increases in phosphate and silicate concentra-
tions occurred under the strongest wind event, were 3.5, 0.22, and 3.3 mmol m22 for TIN, phosphate, and
silicate, respectively. By comparing these values for biological nutrient consumption with the nutrient levels
Figure 8. Time series of (a) profiles of chlorophyll a (lg L21) and (b) the ratio of large phyto-
plankton (>20 lm) chlorophyll a to the total chlorophyll a averaged in the surface (10 m)
layer at the FPO station. In Figure 8a, the contours of chlorophyll a are from 0.5 to 1.5, with
an interval of 0.5.
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supplied by the strong-wind-induced turbulent mixing, it was observed that the TIN supply (1.7 mmol m22)
and consumption (3.5 mmol m22) were roughly comparable. However, the phosphate and silicate supplies
(1.7 and 34 mmol m22, respectively) were an order of magnitude larger than the biological consumption
(0.22 and 3.3 mmol m22, respectively). Some of the nutrients assimilated by phytoplankton were regener-
ated in the surface layer, and therefore the estimated biological consumption was considered the maximum
case. As a result, the TIN supplied by the strong-wind-induced turbulent mixing was considered to be
promptly consumed during phytoplankton growth in the surface layer, but the phosphate and silicate sup-
plies were much larger than the biological consumption, resulting in the increase in phosphate and silicate
in the surface layer under the strongest wind event. After biological consumption was subtracted, the
increases in phosphate and silicate in the surface layer (10 m) due to supplied nutrient were calculated to
be 0.15 and 3.1 lmol kg21, respectively, which explained the observed increase in phosphate (0.1 lmol
kg21) and silicate (0.9 lmol kg21) during the period 19–22 September, under the strongest wind event.
Similarly, the estimated increase in salinity (0.4) in the surface layer caused by upward salt flux due to
mechanical mixing associated with the strongest wind event accounted for the observed increase in salinity
(0.2) during the event.
Upward nutrient fluxes near the bottom were relatively high, with maximum values occurring on 20 Sep-
tember (Figure 7), when northeasterly wind speeds were above 12 m s21 (Figure 2a) and the deeper-
drogue buoy moved rapidly westward (Figure 3b). The rapid buoy motion suggests a strong vertical velocity
shear at the bottom, producing a high level of turbulent mixing there (Figure 2b) and resulting in large
nutrient fluxes from the bottom (Figure 7). The present study, however, did not detect increases in primary
productivity and phytoplankton biomass associated with enhanced bottom nutrient fluxes. However, if the
wind had been even stronger, the bottom nutrient fluxes combined with the deep mixing by the wind
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Figure 9. Time series of (a) profiles of primary productivity (mg C m23 d21) and (b) total daily photosynthetically active radiation (PAR) (E
m22 d21) on the deck of the ship at the FPO station. In Figure 9a, the data sampling levels are indicated by black dots, and the sampling
was conducted every other day. The contours of primary productivity are from 1 to 10, with an interval of 1.
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might have increased the primary
productivity and phytoplankton
biomass, resulting in a decrease in
nutrients in the whole water col-
umn. This event might contribute
to increasing the net community
production (NCP) estimated from
the changes in nutrient invento-
ries in the whole water column,
but the NCP estimation over the
full water column is compromised
by bottom processes such as remi-
neralization, denitrification, and
anammox [Mordy et al., 2012].
4.2. Source of a Subsurface
Silicate Maximum
Although primary productivity is
limited by TIN in the Chukchi Sea
[Codispoti et al., 2005; Tremblay
and Gagnon, 2009] and at the FPO
station, the silicate supply is
important for the growth of dia-
toms, which were identified by
microscope observations at the
FPO station. The silicate concentra-
tions in the upper layer at the FPO
station were less than 2 lmol kg21
after 17 September, and 2 lmol
kg21 before that date, when an
influence of sea-ice meltwater that
might have had a relatively high
silicate level was found (Figure 5c).
For the growth of diatoms, the sili-
cate concentration should be
more than the 2 lmol kg21
observed in mesocosm experi-
ments [Egge and Aksnes, 1992],
which were consistent with field
studies in polar seas [e.g., Poulsen
and Reuss, 2002; Debes et al.,
2008]. Therefore, diatom growth
that would have increased after
the strong-wind events on 14 and
19–21 September at the FPO sta-
tion (Figure 8b) is likely to have
been sustained by silicate supplied
from the subsurface silicate maxi-
mum at depths of 20–30 m. The
vertical double silicate maximum, which was found at the subsurface (20–30 m) and at the bottom (60 m)
of the northern Chukchi Sea, is first reported here in the present study. Nishino et al. [2009] also reported a
vertical double silicate maximum on the Siberian side of the Chukchi shelf slope. In their study, one silicate
maximum corresponded to the shelf bottom water (salinity (S)5 32–32.5) and the other was formed by dia-
tom shell dissolution on the shelf slope at the level of lower halocline water (S5 34–34.5) [Jones and Ander-
son, 1986]. In our study, the bottom silicate maximum was formed by the dissolution of diatom shells that
Figure 10. Vertical sections of (a) silicate (lmol kg21), (b) fraction of other freshwater
than sea-ice meltwater, fOF, and (c) dissolved oxygen (lmol kg
21) from the Chukchi
shelf to the Canada Basin via the positions of a, b, c, d, and e on the map in Figure 1a.
The positions are displayed at the top of each figure and the location of the FPO station
is marked by an inverted triangle at the top of each figure. The numbers at the bottom
of each figure are the distance (km) from position a. Latitudes of the horizontal axis are
also displayed at the bottom of each figure. The data used for the illustration of the ver-
tical sections were obtained from the stations on the map in Figure 1a, and the data
around the FPO stations were zonally and temporally averaged, excluding the data
from 21–25 September when the subsurface silicate maximum at 20–30 m was not sig-
nificant (see Figure 5c). At each station, the data sampling levels are indicated by black
dots. In Figure 10a, the contours of silicate are from 0.5 to 5, with an interval of 0.5, and
from 5 to 20, with an interval of 5. In Figure 10b, the contours of the fOF are from 0.09 to
0.10, with an interval of 0.01, and from 0.10 to 0.16, with an interval of 0.02. In Figure
10c, the contours of dissolved oxygen are from 260 to 400, with an interval of 20. In
each figure, the white dotted lines indicate salinity contours from 27 to 32, with an
interval of 1.
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had accumulated at the bottom of the Chukchi Sea [Walsh et al., 1989]. However, the formation mechanism
of the subsurface silicate maximum is unknown.
To elucidate the formation mechanism of the subsurface silicate maximum, we compared the distributions of sili-
cate with other parameters. Figure 10 shows the vertical sections of silicate, fOF, and dissolved oxygen from the
Chukchi Sea to the Canada Basin via the FPO station. Over the central Chukchi Sea (70N–72N), the silicate con-
centration in the upper layer (0–20 m) was extremely low (<1 lmol kg21; Figure 10a), because the location is dis-
tant from a plume of high nutrient concentrations via the Bering Strait [Springer and McRoy, 1993]. The surface
silicate concentration over the northern Chukchi Sea including the FPO station (72N to position c in Figure 10a)
was higher than in the central Chukchi Sea and this might result in higher primary productivity in this region
than in the central Chukchi Sea [Hill and Cota, 2005]. The higher silicate concentrations in this region are likely
related to the upwelling of nutrient-rich water. In the region from the Chukchi shelf slope to the Canada Basin
(north of position c), the surface silicate concentration was low, but it increased toward the north, probably
because silicate was supplied with sea-ice meltwater [Lee et al., 2010]. Extremely high silicate concentrations
(>15 lmol kg21) were found at the bottom of the northern Chukchi Sea. The water there was near freezing and
had negative values of fSIM (not shown) and was previously identified as Pacific-origin winter water that remained
on the shelf in late summer/fall, resulting in an increase in nutrients due to the remineralization of organic matter
deposited at the bottom [Codispoti et al., 2005; Nishino et al., 2005]. Around the FPO station (72.75N), a subsur-
face silicate maximum occurred at depths of 20–30 m and seemed to spread from a halocline (S 30–32) below
the surface water with extremely low salinity (S< 30) in the Canada Basin.
As described in section 3.3, the subsurface silicate maximum at the FPO station corresponded to the subsur-
face maximum of the fOF that also seems to have spread from the Canada Basin, where fOF values were
extremely high (Figure 10b). The high fOF values in the Canada Basin water resulted from the convergence
of surface freshwater within the Beaufort Gyre [e.g., Proshutinsky et al., 2009]. Water with high fOF values was
also found in the upper layer of the Chukchi Sea south of 72N, but the silicate concentration there was
extremely low and was different from the subsurface silicate maximum water. Water with high fOF values
was also unaccountably found at the bottom of the Chukchi Sea, around 71.5N. However, the subsurface
silicate maximum water with high fOF values differed from the shelf bottom water, as described below.
Dissolved oxygen can be used to characterize the shelf bottom water, because oxygen is used in the decom-
position of organic matter deposited on the bottom of the shelf. The water with high fOF values at the bottom
of the Chukchi Sea, around 71.5N, had a low oxygen content (<300 lmol kg21; Figure 10c). However, the
subsurface silicate maximum water at the FPO station was characterized by a high oxygen content (>380
lmol kg21), and therefore it did not originate from the bottom water. Water with high oxygen concentrations
corresponding to the subsurface silicate maximum likely originated in the Canada Basin, where oxygen con-
centrations were high even at deep levels. The deep penetration of oxygen-rich water in the Canada Basin is
consistent with ventilation caused by surface water convergence and the Ekman pumping that drives the
Beaufort Gyre. As a result, the subsurface silicate maximum water with high oxygen concentrations observed
at the FPO station would have been derived from the ventilated halocline of S  30–32 in the Canada Basin.
The subsurface oxygen maximum (>380 lmol kg21) found around the FPO station and in the Canada Basin
would be partly associated with subsurface phytoplankton growth [Codispoti et al., 2005]. However, in the
upper layer at the FPO station, the increase in phytoplankton biomass that accompanied strong-wind events
caused little increase in oxygen concentrations. Therefore, the subsurface oxygen maximum at the FPO station
was not produced by local phytoplankton growth during the FPO period. The oxygen maximummight be a
remnant of a previous phytoplankton bloom and/or resulted from the spread of oxygen-rich water from the
Canada Basin. Because the subsurface silicate, fOF, and oxygen maxima were observed throughout the FPO
period, the halocline water in the Canada Basin with high silicate and oxygen concentrations and high fOF val-
ues was assumed to have upwelled into the FPO station before the onset of the FPO program.
In addition to the strong-wind events, an upwelling event, which was not observed during the FPO period
but occurred before the onset of the FPO program, would also play an important role in primary productiv-
ity and in determining the species of phytoplankton present. Upwelling is likely to be promoted in summer
when the ice edge retreats beyond the shelf break [Carmack and Chapman, 2003] and the Beaufort Gyre cir-
culation is enhanced [Yang, 2009]; therefore, it would be strongly affected by global warming and associ-
ated climate change. Upwelling events probably determine background stratification and nutrient
distributions, and strong-wind events could control instantaneous vertical nutrient fluxes and biological
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responses. Further studies are required to investigate the background stratification and nutrient distribu-
tions that must be associated with shelf-basin water exchanges and may impact biological activity in the
northern Chukchi Sea. Moreover, there is a need to extend the current study to basin areas, where surface
stratification is stronger and the nutricline is deepening [McLaughlin and Carmack, 2010] or shoaling [Nish-
ino et al., 2013] with the recent sea-ice loss, to elucidate ocean and biological responses to atmospheric
events throughout the Arctic Ocean.
5. Summary
We examined ocean and biological responses to atmospheric events, such as strong winds during autumn
2013, at an FPO station in the northern Chukchi Sea, where the water column consisted of a warmer/
fresher/nutrient-poor upper layer and a colder/salter/nutrient-rich lower layer separated by a pycnocline.
The 2 week observation period included three strong-wind events that enhanced vertical mixing. High-
temporal-resolution hydrographic surveys and microstructure measurements enabled us to estimate verti-
cal nutrient fluxes and the impact on biological activity of different types of turbulent mixing, such as that
related to internal waves and direct ocean mixing near the surface by strong winds.
The largest nutrient fluxes during the FPO period were caused by a combination of enhanced turbulent
mixing by strong winds and an uplifted pycnocline. The oscillation of pycnocline surfaces likely resulted
from inertial motion of the water. Our temporally high-resolution surveys successfully captured the effect of
this combination of factors on the increase in surface nutrients and concurrent increases in primary produc-
tivity and phytoplankton biomass, in particular large phytoplankton such as diatoms. This is the first obser-
vational evidence that wind-driven ocean mixing can impact biological activity in the Pacific Arctic, where
low-salinity water from the Pacific Ocean, river water, and sea-ice meltwater produce a strong pycnocline
that stabilizes the water column. Our observations also suggest that convective mixing associated with
internal waves in the weakly stratified layer above the pycnocline can increase the upward nutrient fluxes
from the pycnocline and may have an impact on biological activity there.
Our study sheds further light on the maintenance of biological activity in a nutrient-depleted region of the
Arctic Ocean, the northern Chukchi Sea. Nitrogenous nutrients are a limiting factor for primary production
in that region, but silicate supplied from the subsurface silicate maximum may play an important role in dia-
tom production. The distributions of chemical tracers from the Chukchi Sea to the Canada Basin suggest
that the subsurface silicate maximum water in the northern Chukchi Sea might be derived from the venti-
lated halocline in the Canada Basin, which is characterized by high concentrations of silicate and dissolved
oxygen, and high fOF values.
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